Stress induces a shift from hippocampus-based "cognitive" toward dorsal striatum-based "habitual" learning and memory. This shift is thought to have important implications for stress-related psychopathologies, including post-traumatic stress disorder (PTSD). However, there is large individual variability in the stress-induced bias toward habit memory, and the factors underlying this variability are completely unknown. Here we hypothesized that a functional deletion variant of the gene encoding the ␣2b-adrenoceptor (ADRA2B), which has been linked to emotional memory processes and increased PTSD risk, modulates the stress-induced shift from cognitive toward habit memory. In two independent experimental studies, healthy humans were genotyped for the ADRA2B deletion variant. After a stress or control manipulation, participants completed a dual-solution learning task while electroencephalographic (Study I) or fMRI measurements (Study II) were taken. Carriers compared with noncarriers of the ADRA2B deletion variant exhibited a significantly reduced bias toward habit memory after stress. fMRI results indicated that, whereas noncarriers of the ADRA2B deletion variant showed increased functional connectivity between amygdala and putamen after stress, this increase in connectivity was absent in carriers of the deletion variant, who instead showed overall enhanced connectivity between amygdala and entorhinal cortex. Our results indicate that a common genetic variation of the noradrenergic system modulates the impact of stress on the balance between cognitive and habitual memory systems, most likely via altered amygdala orchestration of these systems.
Introduction
Stress has a major impact on health and well-being (McEwen, 1998; de Kloet et al., 2005) . These stress effects may be partly due to stress-induced changes in cognition, including altered learning and memory processes (Diamond et al., 2007; Lupien et al., 2009; Schwabe et al., 2010; Roozendaal and McGaugh, 2011; Sandi and Haller, 2015) . Stress enhances memory consolidation and impairs memory retrieval. These modulatory effects are critically mediated by noradrenaline, in interaction with glucocorticoids (McGaugh et al., 1996; de Quervain et al., 2007a; Roozendaal and McGaugh, 2011) . Beyond its effects on consolidation and retrieval, stress alters the contribution of multiple, anatomically and functionally distinct memory systems to learning and behavior (Schwabe et al., 2010; . Specifically, stress promotes a shift from hippocampus-dependent cognitive toward dorsal striatumdependent habit memory (Kim et al., 2001 ; Wolf, 2012, 2013; Schwabe et al., 2007) . Neuroimaging data indicate that the amygdala orchestrates this stress-induced shift in the balance between flexible and more rigid memory processes (Packard and Wingard, 2004; Vogel et al., 2016) .
However, not all individuals show the bias toward dorsal striatal habit memory after stress (Kim et al., 2001; Schwabe et al., 2007; Schwabe and Wolf, 2012) . Given the critical clinical implications associated with the stress-induced modulation of the balance between cognitive and habit memory (Schwabe et al., 2010; de Quervain et al., 2017) , identifying the source of this variability is crucial. Genetic differences explain part of the variance in human memory (de Quervain and Papassotiropoulos, 2006; de Quervain et al., 2012; Papassotiropoulos et al., , 2013 . With respect to the emotional modulation of memory, a deletion variant of the gene encoding the ␣2b-adrenoceptor (ADRA2B), which is present in ϳ30% of Caucasians (Small et al., 2001) , is of particular interest. Corroborating studies showing that pharmacological manipulations of ␣2-adrenoceptors affect emotional memory (O'Carroll et al., 1999; Southwick et al., 2002) , healthy ADRA2B deletion carriers exhibited enhanced episodic (i.e., hippocampus-dependent) memory for emotional material (de Quervain et al., 2007b; Rasch et al., 2009 ). This emotional memory enhancement was also observed in Rwandan civil war survivors carrying the deletion variant (de Quervain et al., 2007b) and directly linked to increased PTSD risk (Liberzon et al., 2014) . At the neural level, the ADRA2B deletion variant was associated with increased amygdala activation during encoding of emotional stimuli (Rasch et al., 2009 ) and following stress (Cousijn et al., 2010) as well as increased connectivity between the amygdala and the insular cortex (Rasch et al., 2009 ), a region closely linked to the medial temporal lobe network relevant for episodic memory (Miranda and Bermú dez-Rattoni, 2007) . Based on this evidence, suggesting that the ADRA2B deletion variant is associated with stronger amygdala activation and enhanced hippocampus-dependent memory for emotional material, we hypothesized that the deletion variant would be linked to enhanced crosstalk between the amygdala and the hippocampus, thereby reducing the stress-induced shift from hippocampal to dorsal striatal memory.
To test the modulatory role of the ADRA2B deletion, we exposed healthy individuals, genotyped for the ADRA2B polymorphism, to a stressor (or control manipulation) before they completed a probabilistic classification learning (PCL) task that can be solved by the hippocampus and the dorsal striatum ( Fig. 1 ) (Knowlton et al., 1996; Poldrack et al., 2001) . The engagement of these memory systems can be assessed by the analysis of distinct learning strategies known to rely on the hippocampus and the dorsal striatum, respectively (Shohamy et al., 2004; Schwabe and Wolf, 2012) . Additionally, in our first experiment, we used EEG measurements to assess the feedback-related negativity (FRN), which likely reflects striatal processing (Nieuwenhuis et al., 2005; Hauser et al., 2014) . In a second experiment, we used the same experimental setup, but fMRI to elucidate the neural correlates of the modulatory effect of the ADRA2B polymorphism on the stress-induced shift toward habit memory.
Materials and Methods
Study I: role of an ADRA2B deletion variant in the stressinduced modulation of multiple memory systems Participants and experimental design. A total of 252 healthy volunteers without medication intake, including adrenergic agonists and antagonists, or any current or previous neurological or psychiatric disorders participated in this experiment (127 women; mean Ϯ SD age, 25.1 Ϯ 3.5 years). To control for factors known to influence the responsiveness of the hypothalamus-pituitary-adrenal axis to stress, smokers as well as women taking hormonal contraceptives were excluded and women were only tested outside their menstrual cycle phase (Kirschbaum et al., 1999; Rohleder and Kirschbaum, 2006) . The study was approved by the ethical review board of the German Psychological Society (reference: LS072014). Participants gave written informed consent and received a moderate monetary compensation of 25€ for their participation.
A 2 ϫ 2 between-subjects design with the factors treatment (stress vs control manipulation) and ADRA2B deletion variant (carriers vs noncarriers) was used to examine modulatory effects of the ADRA2B genotype on stress-induced changes in the preferential engagement of multiple memory systems. Participants were randomly assigned to the stress or control condition. To control for the diurnal rhythm of cortisol, all testing took place in the afternoon.
Genotyping. A common variant (rs29000568) of the ADRA2B gene consists of an inframe deletion of three acidic residues. Specifically, glutamic acid residues 301-303 in the third intracellular loop of the receptor, which are part of a large glutamic acid stretch (glu12; amino acids 297-309), are absent in ϳ30% of Caucasians (Small et al., 2001; de Quervain et al., 2007b) . This deletion variant is associated with increased extracellular noradrenaline availability (Small et al., 2001) . For genetic analysis, DNA was extracted from buccal cells. Automated purification of genomic DNA was conducted by means of the MagNA Pure LC system using a commercial extraction kit (MagNA Pure LC DNA isolation kit; Roche Diagnostics). Genotyping of the polymorphism was performed by real-time PCR using fluorescence melting curve detection analysis by means of the Light Cycler System (Roche Diagnostics) and a LightSNiP Assay (TIB MOLBIOL).
Stress manipulation. Participants in the stress condition underwent the Trier Social Stress Test (TSST), the gold standard in experimental stress research that reliably induces autonomic nervous system and hypothalamus-pituitary-adrenal axis activation (Kirschbaum et al., 1993) . After a short preparation time, each participant was asked to give a 5 min free speech about why he or she is the ideal candidate for a job tailored to his or her interests and subsequently had to solve a difficult mental-arithmetic task for another 5 min (counting backwards from 2043 in steps of 17). Throughout the TSST, participants were videotaped and evaluated by a reserved and nonreinforcing panel. In the control condition, participants were asked to talk about a self-chosen topic and had to count forwards from zero in steps of 15, while being alone in the room and without video recordings. Probabilistic classification learning task. Participants were presented with 1-3 of 4 possible cues per trial and asked to predict the weather outcome ("rain" or "sun"). Each cue has a certain probability for the 2 outcomes. Feedback about the correct outcome was presented after each trial. The task can be solved by using single-cue strategies based on the hippocampus and multi-cue strategies based on the dorsal striatum. In a visual-motor control task, participants were required to indicate whether Յ2 or Ͼ2 cards were presented. The shown task setup refers to Study II. In Study I, there was no visual-motor control task and the timing was slightly different.
To assess the effectiveness of the stress induction, subjective and physiological measures were taken at several time points across the experiment. Changes in subjective mood were evaluated using a German mood questionnaire (subscales: depressed vs elevated, restless vs calm, sleepy vs awake; high scores indicate elevated mood, calmness, and wakefulness) (Steyer et al., 1994) . In addition, participants rated how difficult, unpleasant, and stressful they had experienced the manipulation on a scale from 0 (not at all) to 100 (very much). Blood pressure was measured using a Dinamap system (Critikon) before (Ϫ25 min), during (10 min), and after (20, 60, 80 min) the stress manipulation. Furthermore, saliva samples were collected before (Ϫ25 min) and after (20, 30, 40, 80 min) the experimental treatment using Salivette collection devices (Sarstedt). Samples were stored at Ϫ18°C; and at the end of the study, the free fraction of cortisol was analyzed from saliva using a commercially available chemiluminescence immunoassay (IBL).
Probabilistic classification learning (PCL) task. Fifteen minutes after the stress or control manipulation, when peak cortisol levels were expected, participants completed a modified version of the weather prediction task ( Fig. 1) (Knowlton et al., 1994; while EEG was recorded. In this PCL task, participants had to learn how to classify stimuli into two given categories ("rain" vs "sun") based on trial-by-trial feedback. Between 1 and 3 (of 4) cards appeared on each trial, yielding 14 different cue patterns. These cue patterns were associated with two possible outcomes (sun and rain) in a probabilistic manner, such that a particular cue was associated with the outcome "sun" with a probability of 75.6%, 57.5%, 42.5%, or 24.4% across 100 trials; these probabilities were the same as in previous studies using this task Lagnado et al., 2006; Schwabe and Wolf, 2012; . A response was counted as correct if it matched the outcome with the highest probability for that cue pattern. Participants completed 100 PCL trials (duration ϳ25 min). On each trial, they saw 1 of the 14 cue patterns and had 5 s to respond by pressing one of the buttons that corresponded with either "sun" or "rain." The chosen outcome was highlighted with a red circle for 500 ms. Following a black screen that was shown for another 500 ms, a feedback stimulus in the form of a happy or sad face was presented for 1 s. The intertrial interval varied between 1 and 2.5 s.
Assessment of learning strategies. The PCL task can be solved by using different learning strategies that rely on distinct brain systems. In particular, patient and neuroimaging studies showed that participants may acquire the task using single-cue strategies supported by a hippocampusdependent system or by using multi-cue strategies that are based on the dorsal striatum (Knowlton et al., 1996; Shohamy et al., 2004; Foerde et al., 2006; Schwabe et al., 2012) . To assess the learning strategy that participants used during the PCL task, participants' actual responses were compared with ideal response patterns for each strategy Lagnado et al., 2006) . A least mean squares measure resulted in a fit-value ranging from 0 to 1 (0 indicating a perfect fit). The strategy with the lowest score was defined as the best fit for that participant. If the best fit score was Ͼ0.15, participants' strategies were classified as "nonidentifiable" ; and because the multi-match strategy contains a "random" element (Lagnado et al., 2006) , when single-cue and multi-match scores were very close, the single-cue strategy was chosen. In Study I, there were 20 participants for which no strategy could be identified; experimental groups did not differ in the number of participants for which no strategy could be identified ( ͑1͒ 2 ϭ 0.220, p ϭ 0.639). For the sake of simplicity and in line with previous studies (Schwabe and Wolf, 2012; , we classified the strategies that participants may use to solve the PCL task into hippocampus-dependent single-cue (comprising one cue and singleton) and dorsal striatumdependent multi-cue strategies.
Behavioral and physiological data analyses. Subjective and physiological measurements were analyzed using mixed-design ANOVAs with time as within-subject factor and treatment (TSST vs control) as well as ADRA2B deletion variant (carriers vs noncarriers) as between-subjects factors. A mixed-design ANOVA with blocks of 10 trials as withinsubject factor was used to assess learning performance on the PCL task. Group differences in learning strategy were analyzed by means of 2 tests. Statistical analyses were performed using SPSS Statistics 22 (RRID: SCR_002865, IBM). All reported p values are two-tailed. In case of violation of the sphericity assumption, Greenhouse-Geisser corrections were applied. Significant main and interaction effects were followed by the appropriate post hoc tests.
EEG recording and analyses. During the PCL task, EEG was recorded from 64 active electrodes arranged according to the international 10 -20 system. In addition, horizontal electro-oculograms were measured, and the most frontal electrodes served as recording sites for vertical eye movements. A Biosemi Active-Two amplifier system was used with a sampling rate of 2048 Hz (Biosemi). Common mode sense and driven right leg electrodes served as recording reference and ground, respectively. EEG data were analyzed offline using the Brain Vision Analyzer software (Brain Products) and a costume-written MATLAB script (The MathWorks). After the EEG signal was downsampled to 512 Hz, the data were high-pass filtered at 0.01 Hz. To remove artifacts from electrical lines, a 50 Hz notch filter was applied. EEG data were then visually inspected to discard any extreme artifacts. Additionally, eye-blink and eye-movement artifacts were removed using an independent component-based approach. Bad channels were replaced by means of topographic interpolation, and the data were rereferenced to the average of all electrodes. To analyze ERPs reflecting feedback processing, data were segmented into epochs from Ϫ200 to 800 ms with respect to feedback stimulus onset and subsequently baseline corrected relative to the 200 ms preceding the feedback stimulus. Before averaging, trials were rejected if there was a voltage step Ͼ50 V /ms, or a difference of Ͼ100 V as well as a signal Ͻ0.1 V was detected in any of the intervals. Because of technical difficulties or excessive noise, 24 participants were excluded from further EEG data analyses. For the remaining 228 participants (stress group: 68 carriers, 46 noncarriers; control group: 64 carriers, 50 noncarriers), on average 37.5 trials (SD 13.8 trials) in the negative feedback condition were available. The FRN, which likely reflects striatal feedback processing (Nieuwenhuis et al., 2005; Hauser et al., 2014) , was calculated as the most negative peak amplitude in the time window between 200 and 350 ms following feedback presentation relative to the preceding positive peak amplitude between 150 ms and the latency of that negative peak (Frank et al., 2005; Eppinger et al., 2008; Rustemeier et al., 2013) . A mixed-design ANOVA with electrode site and feedback (positive vs negative) as withinsubject factors and treatment as well as genotype as between-subjects factors was used to investigate stress-or genotype-related differences in feedback processing. Frontal electrodes (FC1, Fz, FCz, FC2), where the FRN was most pronounced, were included in the analyses.
Study II: neural underpinnings of the ADRA2B modulation of memory system engagement under stress
Participants and experimental design. A total of 128 volunteers of the Bonn Gene Brain Behavior Project participated in this experiment (62 women; mean Ϯ SD age, 23.0 Ϯ 3.6 years). Participants were young and healthy nonsmokers without medication intake, including adrenergic agonists and antagonists, or lifetime history of neurological or psychiatric disorders. Furthermore, any contraindications for fMRI measurements served as exclusion criteria. The study was approved by the ethical review board of the German Psychological Society (reference: LS072014) as well as by a local committee at the University of Bonn. Participants gave written informed consent and received a moderate monetary compensation of 35€.
In line with the first experiment, we used a 2 ϫ 2 between-subjects design with the factors treatment (TSST vs control manipulation) and ADRA2B genotype (deletion vs nondeletion carriers). In this experiment, however, participants were prescreened and groups were stratified by the ADRA2B genotype. We aimed for 30 participants in each of the four experimental groups (N ϭ 120). However, because of technical difficulties and excessive head motion in the MRI scanner, 8 participants had to be excluded from the fMRI analyses (stress: 2 deletion, 3 nondeletion; control: 1 deletion, 2 nondeletion) and 8 additional participants were recruited, thus leading to a sample of 120 participants (N ϭ 30/group) for the fMRI analyses. For the behavioral analyses, data from all 128 tested participants were used (stress: 32 deletion, 33 nondeletion; control: 31 deletion, 32 nondeletion).
Experimental procedure. The experimental procedure, including the stress manipulation, the parameters measured, and the PCL task, was the same as in the first study, with two exceptions. First, fMRI instead of EEG measurements were taken while participants performed the PCL task. Second, the task was slightly modified to accommodate fMRI requirements. More specifically, in addition to 100 PCL trials, participants completed 100 visuo-motor control trials in which they were asked to indicate whether Ͻ2 or Ն2 cards appeared on the screen (trial type was randomly alternated; task duration ϳ45 min). Moreover, the timing of the events was adjusted to the slow BOLD response. In Study II, there were 31 participants for whom no strategy could be identified; experimental groups did not differ in that number ( p Ͼ 0.05). The behavioral and statistical analyses were in line with those of the first experiment.
MRI acquisition and analyses. MRI measurements were acquired using a 3T Trio Scanner (Siemens) equipped with a 32-channel head coil. BOLD T2-weighted echoplanar functional images were acquired parallel to the anterior commissure-posterior commissure plane (37 transversal slices; TR ϭ 2000 ms; TE ϭ 30 ms; ascending acquisition; effective voxel size ϭ 3 ϫ 3 ϫ 3 mm). Additionally, a high-resolution T1-weighted anatomical image was acquired (208 sagittal slices, TR ϭ 1660 ms, TE ϭ 2.54 ms, voxel size ϭ 0.8 ϫ 0.8 ϫ 0.8 mm).
Preprocessing and analyses of the fMRI data using GLMs were performed with the SPM12 MATLAB toolbox (RRID:SCR_007037, Wellcome Trust Centre for Neuroimaging, London). Functional data were slice-time and head-motion corrected as well as coregistered to the structural image using rigid-body transformations. The T1-weighted image was segmented into gray and white matter, cerebrospinal fluid, bone, soft tissue, and air. Forward deformation fields were then used to spatially normalize the functional and structural scans to the MNI standard brain. Finally, normalized functional images were smoothed using an 8 mm FWHM Gaussian kernel.
Correct and incorrect PCL trials as well as visuo-motor control trials were modeled using canonical hemodynamic response functions. Additionally, fixation, button presses and the six movement parameters were included into the model. Data were filtered in the temporal domain using a nonlinear high-pass filter with a 128 s cutoff. Contrast images were generated for PCL minus control trials and for correct minus incorrect PCL trials. These difference contrasts were then entered into a secondlevel (group) analyses, using a full-factorial model with the factors treatment (control vs stress) and genotype (deletion vs nondeletion carriers). Psycho-Physiological-Interaction (PPI) analyses were performed to assess whether the coupling of the amygdala with the hippocampus and the dorsal striatum (regions of interest [ROIs] ) was altered by stress and/or ADRA2B genotype. For this purpose, the first eigenvariate of the time course of each ROI in the contrast PCL correct minus PCL incorrect was extracted from the appropriate brain atlases and used as seed. The PPI was then computed as the element-by-element product of the BOLD signal time course of this seed and a vector coding for successful classification learning. Next, each time course was added separately as a covariate of interest in addition to the first-level regressors. The individual PPI contrasts were then entered in a second-level random-effects analysis. Results of these analyses give insight into brain regions that show a similar and task-dependent pattern of activation. These regions are therefore supposed to be functionally connected during correct classification learning.
Explorative whole-brain analyses as well as ROI analyses were used. A priori ROIs were memory system structures (hippocampus, caudate nucleus, and putamen) that are consistently activated in the PCL task (Poldrack et al., 2001; Foerde et al., 2006; Schwabe and Wolf, 2012; as well as the amygdala because this area has been shown to be affected by the ADRA2B deletion variant (Cousijn et al., 2010) and is known to modulate multiple memory systems (Elliott and Packard, 2008; Vogel et al., 2015) . Anatomical masks of the caudate nucleus, the putamen, and the amygdala were taken from the Harvard-Oxford subcortical atlas, whereas masks of the hippocampal subregions were taken from the Anatomy Toolbox for SPM (Institute of Neuroscience and Medicine, Jülich, Germany). For the explorative whole-brain analysis, the significance threshold was set to p Ͻ 0.05 at cluster level and corrected for multiple testing (family-wise error [FWE] correction). ROI analyses were performed using small-volume correction with an initial threshold of p Ͻ 0.05 uncorrected, followed by FWE correction ( p Ͻ 0.05). Thresholds at 50% were used to include only voxels with a probability of at least 50% to belong to each subregion. To assess stress-or genotype-dependent alterations in the connectivity between the ROIs, PPI analyses were performed. After voxels of interest of the time courses of the ROIs were extracted from the appropriate brain atlases, they were added separately in the model in addition to the firstlevel regressors. Correlations between these time series and the activity of the rest of the brain are indicative of similar activation patterns and thus brain regions that are supposedly functionally connected. Again, for ROI analyses, small-volume correction with an initial threshold of p Ͻ 0.05 uncorrected, followed by FWE correction ( p Ͻ 0.05) was performed.
Results
Study I: role of an ADRA2B deletion variant in the stress-induced modulation of multiple memory systems Genotyping Our first study included 114 heterozygous and 29 homozygous carriers of the ADRA2B deletion variant. In line with previous studies (de Quervain et al., 2007b; Rasch et al., 2009 ) and due to the relatively small number of homozygous carriers of the deletion variant, heterozygous and homozygous carriers were statistically treated as one group (N ϭ 143). A total of 109 participants did not carry the deletion variant. Genotype frequencies were in Hardy-Weinberg equilibrium ( ͑1͒ 2 ϭ 0.780, p ϭ 0.377) and in line with the genotype and allele frequencies typically observed in Caucasians (Small et al., 2001 ). Genotype was not significantly associated with sex or age (both p Ͼ 0.279) and the distribution of carriers and noncarriers of the ADRA2B deletion variant was comparable in the stress (74 carriers, 52 noncarriers) and control group (69 carriers, 57 noncarriers; ͑1͒ 2 ϭ 0.40, p ϭ 0.525).
Subjective, autonomic, and endocrine stress response Changes in subjective feeling, blood pressure, and salivary cortisol verified the successful stress induction by the TSST (Table 1) . Compared with the control procedure, exposure to the TSST was rated as significantly more difficult, unpleasant, and stressful (all F (1,248) Ն 223.55, all p Ͻ 0.001). Moreover, the TSST, but not the control manipulation, resulted in increases of depressed mood and restlessness (time ϫ treatment: both F (2,2494) Ն 53.76, both p Ͻ 0.001). Additionally, exposure to the TSST led to significant autonomic activation, reflected by increases in systolic ( Fig. 2A) and diastolic blood pressure (time ϫ treatment: both F Ն 62.91, both p Ͻ 0.001). Finally, we obtained a significant increase in cortisol concentrations following the stress but not the control manipulation (time ϫ treatment: F (2,493.2) ϭ 71.15, p Ͻ 0.001).
As shown in Figure 2B , peak cortisol levels were reached ϳ15 min following the stressor, when behavioral testing started. Importantly, carriers and noncarriers of the ADRA2B deletion variant did not differ in measures of blood pressure, cortisol, or mood (all p Ͼ 0.299).
ADRA2B deletion variant is associated with a reduced stress-induced shift toward multi-cue strategies
In the PCL task, participants' performance gradually improved from 59% to 74% correct responses (F (7.8, 1921 .1) ϭ 21.52, p Ͻ 0.001; Fig.  2C ), thus indicating successful learning. In line with previous studies showing that different memory systems may contribute equally well to learning performance Wolf, 2009, 2012) , stress had no effect on performance (F (3.1, 762.2) ϭ 0.80, p ϭ 0.597). Moreover, there was no difference between carriers and noncarriers of the ADRA2B deletion variant in learning performance (F (3.1, 762.2) ϭ 1.22, p ϭ 0.287).
The engagement of multiple memory systems is reflected in the use of single-cue strategies, which are based on the hippocampus; and multi-cue strategies, which are based on the dorsal stria-tum. Corroborating earlier results from our laboratory (Schwabe and Wolf, 2012; , stressed participants showed a shift toward more multi-cue and fewer single-cue strategies compared with controls ( ͑1͒ 2 ϭ 4.25, p ϭ 0.039). Most importantly, however, this stress-induced shift was modulated by ADRA2B genotype (Fig. 2D) . In noncarriers of the deletion variant, stress increased the use of multi-cue strategies from 70% to 88% ( ͑1͒ 2 ϭ 4.85, p ϭ 0.028). This, however, was not the case in ADRA2B deletion carriers who did not show any changes in the used strategy after stress ( ͑1͒ 2 ϭ 0.67, p ϭ 0.412).
Stress increases the amplitude of the feedback-related negativity during probabilistic classification learning
Our EEG data showed a larger FRN, thought to reflect dorsal striatal processing (Nieuwenhuis et al., 2005; Hajcak et al., 2007; Hauser et al., 2014) , with a typical frontocentral distribution in stressed participants compared with controls following negative feedback (F (1,224) ϭ 6.62, p ϭ 0.011; Fig. 2E Table 2 ). Moreover, systolic and diastolic blood pressure (Fig. 3A) as well as salivary cortisol increased following the TSST, but not the control manipulation (all F Ͼ 20.28, all p Ͻ 0.001). As shown in Figure 3B , cortisol concentrations peaked ϳ15 min following the stressor, when the scanning session began. ADRA2B deletion and nondeletion carriers did not differ in their physiological or subjective responses to stress (all p Ͼ 0.136).
ADRA2B deletion variant is associated with a reduced stress-induced shift toward multi-cue strategies
Participants gradually learned to correctly classify the card stimuli and correct responses increased from 37% to 63% across trials (F (6.7, 826.5) ϭ 28.64, p Ͻ 0.001; Fig. 3C ). Stress and the ADRA2B deletion variant had no effect on task performance (both F (6.7, 826.5) Ͻ 1.01, both p Ͼ 0.421). Analysis of the used learning strategies, however, revealed that carriers of the ADRA2B deletion variant used overall more single-cue strategies compared with noncarriers of the deletion variant ( ͑1͒ 2 ϭ 5.49, p ϭ 0.019). Also, replicating the findings of our first study, stressed participants used single-cue strategies significantly less often and multi-cue strategies significantly more often compared with participants in the control group ( ͑1͒ 2 ϭ 4.54, p ϭ 0.033). Most importantly, as shown in Figure 3D , this stress effect was again mainly due to noncarriers of the ADRA2B deletion variant who showed a significant stress-induced shift toward multi-cue strategies ( ͑1͒ 2 ϭ 4.41, p ϭ 0.036), whereas there was no such effect in carriers of the deletion variant ( ͑1͒ 2 ϭ 1.7, p ϭ 0.193).
Neural mechanisms of stress-induced modulation of learning
Corroborating previous studies (Poldrack et al., 2001; Foerde et al., 2006; Schwabe and Wolf, 2012; , our fMRI data showed that PCL (vs visuo-motor control trials) was associated with bilateral activation of the caudate nucleus, the putamen, and the hippocampus (all p FWE Յ 0.031). In addition, we observed activation in other regions known to be involved in learning processes, including the cingulate and paracingulate cortex, the orbitofrontal cortex, the insular cortex, and the precuneus (all p Ͻ 0.001; Table 3 ). There were no significant correlations between activity in those regions and performance (all p Ͼ 0.05). In line with the idea that stress biases multiple memory systems toward the dorsal striatum, we obtained significantly increased activity of the caudate nucleus in stressed participants compared with controls (F (1,116) ϭ 12.57, p FWE ϭ 0.028, k ϭ 40; Fig. 4A ). This stress-induced increase in dorsal striatal activity, however, was not modulated by the ADRA2B deletion variant. In medial temporal lobe regions, we did not find any differences (all p FWE Ͼ 0.05).
ADRA2B deletion variant modulates stress-induced changes in amygdala connectivity with the dorsal striatum
In a next step, we performed functional connectivity analyses to assess how stress altered the crosstalk of multiple memory systems and whether this crosstalk was modulated by the ADRA2B polymorphism. Because the amygdala is known to play a key role in the modulation of memory (Packard and Goodman, 2012; Figure 2 . Physiological, behavioral, and EEG data of Study I. Compared with a nonstressful control manipulation, exposure to the TSST led to significant increases in (A) systolic blood pressure (BP) and (B) salivary cortisol concentrations, regardless of the allelic variant. C, Classification learning performance increased across trials, without any effects of stress or ␣2b-adrenoceptor gene (ADRA2B) variant. D, Stress increased the bias toward more multi-cue strategies in noncarriers (ADRA2B no-del) but not in carriers of the deletion variant (ADRA2B del). E, EEG data revealed a significant increase in the FRN at FCz electrode, without differences between carriers and noncarriers of the ADRA2B deletion variant. The FRN was calculated as the most negative peak amplitude in the time window between 200 and 350 ms following feedback presentation relative to the preceding positive peak amplitude between 150 ms and the latency of that negative peak. ⌬U PP , Voltage difference between the positive and the negative peak amplitude after negative feedback. *p Ͻ 0.05. ***p Ͻ 0.001. Error bars indicate SEM. and previous studies showed altered amygdala coupling with the hippocampus and the dorsal striatum after stress Vogel et al., 2015) , we focused on the connectivity of the amygdala. Overall, stress had opposite effects on amygdala connectivity with the dorsal striatum (F (1,116) ϭ 11.09, p FWE ϭ 0.063, k ϭ 31; Fig. 4B ) and the hippocampus (F (1,116) ϭ 17.41, p FWE ϭ 0.005, k ϭ 33; Fig. 4C ). More specifically, stress increased amygdala connectivity with the putamen (t (1,118) ϭ 4.15, p FWE ϭ 0.003, k: 38) but decreased amygdala coupling with the hippocampus, in particular with the cornu ammonis subregion (t (1,118) ϭ 4.12, p FWE ϭ 0.003, k ϭ 44).
Critically, coupling of the amygdala with the hippocampus and dorsal striatum was significantly affected by ADRA2B genotype (F (1,116) ϭ 13.77, p FWE ϭ 0.017, k ϭ 32). Regardless of stress, carriers compared with noncarriers of the deletion variant showed increased task-related connectivity between the amygdala and the entorhinal cortex (EC; t (1,118) ϭ 3.72, p FWE ϭ 0.008, k ϭ 40; Fig. 5A ), the main input structure to the hippocampus that is highly important for hippocampus-dependent declarative memory processes (Squire and Zola, 1996; Eichenbaum, 2000; Hargreaves et al., 2005) . Even more interestingly, we obtained a significant stress ϫ ADRA2B interaction for the connectivity between the amygdala and the putamen (F (1,116) ϭ 9.73, p FWE Ͻ 0.05, k ϭ 31). As is shown in Figure 5B , noncarriers compared with carriers of the deletion variant showed significantly increased amygdala-putamen connectivity after stress (t (1,58) ϭ 3.72, p FWE ϭ 0.006, k ϭ 53), whereas genotype groups did not differ under control conditions ( p FWE Ͼ 0.05).
Discussion
Stress biases memory toward rigid dorsal striatum-based processes, and this bias is thought to play a crucial role in stressrelated psychopathology . We show here, in two independent studies, that a genetic polymorphism on the gene coding the ␣2b-adrenoceptor modulates the stress-induced bias toward habit memory in healthy individuals. Specifically, the shift toward habit memory was diminished in carriers of an ADRA2B deletion variant compared with noncarriers of this variant. Our neuroimaging data suggest that this modulatory effect of the ADRA2B polymorphism is mediated by altered connectivity of the amygdala with the hippocampus and dorsal striatum. In line with previous studies (Schwabe and Wolf, 2012; , we showed that stress leads to an increase in multi-cue strategies known to rely on the dorsal striatum and a decrease in single-cue strategies supported by the hippocampus (Shohamy et al., 2004; Schwabe and Wolf, 2012) . This shift in strategy use may be due to impaired hippocampal or enhanced dorsal striatal memory. Previous studies found evidence for both alternatives (Schwabe and Wolf, 2012; Vogel et al., 2015) , which are not mutually exclusive. Our EEG data showed a stress-induced increase in the FRN, which might be taken as evidence for increased striatal processing (Nieuwenhuis et al., 2005; Foti et al., 2011) . In line with this interpretation, our fMRI data revealed increased dorsal striatal activation after stress. Moreover, our data support earlier findings suggesting that the amygdala, a region critically involved in emotional memory modulation (McGaugh, 2000; Packard and Wingard, 2004) , orchestrates the shift from hippocampal to dorsal striatal memory after stress Vogel et al., 2016) . Specifically, we observed that stress led to increased amygdaladorsal striatum connectivity but decreased amygdala-hippocampus connectivity.
Most importantly, however, the stress-induced shift in the preferential engagement of hippocampal and striatal memory systems was modulated by the ADRA2B deletion variant. The relative bias toward multi-cue strategies after stress was only observed in noncarriers of the ADRA2B deletion variant. This genotype effect appeared not to be mediated by changes in the activity of the hippocampus or the dorsal striatum because activity of these systems remained unaffected by genotype and the stress-induced increases in FRN amplitude and striatal activity were independent of ADRA2B genotype. Instead, the ADRA2B deletion variant had a significant impact on functional amygdala-EC and amygdala-dorsal striatum connectivity. Regardless of stress, the ADRA2B deletion variant was linked to increased amygdala-EC coupling. This finding suggests that the amygdala-EC crosstalk is particularly strong in carriers of the ADRA2B deletion variant, which may explain their superior episodic memory for emotional stimuli reported earlier (de Quervain et al., 2007b; Rasch et al., 2009) . Although the increased amygdala-EC coupling in carriers of the deletion variant remained largely unchanged by stress, we obtained genotypespecific stress effects on the connectivity between amygdala and putamen. Specifically, whereas stress increased amygdalaputamen coupling in noncarriers of the ADRA2B deletion variant, this was not the case in carriers of the deletion variant. Together, these data suggest that the ADRA2B deletion variant, known to affect amygdala processing (Rasch et al., 2009; Cousijn et al., 2010) , primarily modulates the crosstalk between amygdala and EC (regardless of stress) as well as between amygdala and putamen (under stress) and that, in line with recent pharmacological data , it is this modulation in connectivity patterns that is critical for the changes in learning strategies under stress in carriers of the ADRA2B deletion variant.
Previous studies on the stress-induced modulation of multiple memory systems suggested a critical role of glucocorticoids in the shift toward habit memory (Vogel et al., 2016) . There is, however, also evidence that noradrenaline is critically involved in the shift from cognitive to habit memory. For instance, it has been shown that intra-amygdala injections of an ␣2-adrenoceptor antagonist, leading to increased noradrenergic stimulation, biased memory toward the dorsal striatum-dependent system in rats (Packard and Wingard, 2004; Wingard and Packard, 2008) . At first glance, these findings, suggesting increased habit memory following noradrenergic activation, might seem to be in conflict with the present finding that a deletion variant of the ADRA2B gene, which is also linked to increased noradrenergic activation (Small et al., 2001) , reduces the stress-induced shift toward habit memory. However, the ␣2-adrenoceptor antagonist used in pharmacological studies is not specific for any of the adrenergic receptor subtypes (Hieble and Ruffolo, 1995; Hieble et al., 1996) , whereas the effects of the ADRA2B deletion variant are specific for the ␣2b-adrenoceptor subtype. Although specific adrenergic receptor subtypes may exert different effects on learning under stress, direct evidence supporting this view is still missing. Moreover and perhaps even more importantly, the administration of the ␣2-adrenoceptor antagonist leads to an acute, tran- sient increase in noradrenergic stimulation, whereas the ADRA2B deletion variant is most likely associated with more constant changes. Specifically, the deletion variant is assumed to be associated with inherent and constant differences in noradrenaline availability (Small et al., 2001) , although direct evidence from humans for this claim is still lacking. It is tempting to speculate that the ADRA2B deletion variant is associated with some sort of homeostatic compensations, an important mechanism of neuronal functioning (Marder and Goaillard, 2006) . Indeed, our neuroimaging data suggest that carriers of the ADRA2B deletion variant show, compared with noncarriers of this variant, increased amygdala-EC coupling, which may be such a compensatory mechanism. Thus, acute pharmacological manipulations of a neurotransmitter system can hardly be compared with genetic differences in such a system. However, both the available pharmacological data and our behavioral genetics findings argue for an important role of the noradrenergic system in the balance between cognitive and habit memory.
We tested the role of the ADRA2B genotype in the stressinduced modulation of cognitive and habit memory in two experiments. In both experiments, task performance started ϳ30 min after stress, when cortisol levels were significantly elevated, and lasted for 25 min (Experiment I) and 45 min (Experiment II), respectively. Thus, stress-induced sympathetic activity should have mainly vanished before behavioral testing and genomic cortisol actions should not have fully developed yet, suggesting that the present effects were mainly the result of nongenomic cortisol actions. Nevertheless, accumulating evidence indicates that there might be substantial variation in stress effects on cognition within relatively short time windows (Bendahan et al., 2016; Vogel and Schwabe, 2016) and the conclusion that the stress effect has been stable across the PCL task in this study might be premature. Such (possible) time-dependent changes in task performance or brain activity due to temporal dynamics of the stress response, however, can hardly be dissociated from changes resulting from learning processes.
The experimental setup used in the two experiments was virtually the same, but different methods were used to measure brain activity (EEG vs fMRI). Because of differences in the temporal resolution of the measured signals, feedback timing varied between the two studies. Feedback timing has considerable implications for the predominance of cognitive versus habit memory. Specifically, the striatum is very important for immediate feedback processing, whereas a delay in feedback presentation leads to increased engagement of the hippocampus (Foerde and Shohamy, 2011) . Indeed, in the first experiment, in which feedback followed shortly after the response, larger hippocampal engagement possibly led to overall more multi-cue learning than in the second experiment, in which feedback was delayed by a few seconds and learning has a generally larger striatal contribution. Critically, however, regardless of feedback timing and the general distribution of single-cue versus multi-cue strategies, stress increased multi-cue learning and the ADRA2B deletion variant modulated this effect. This underlines the robustness of the stress-induced bias toward dorsal striatal memory and its modulation by the ADRA2B genotype.
In conclusion, we showed, in two independent experiments, that a deletion variant of the ADRA2B gene encoding the ␣2b-adrenoceptor reduces the stress-induced shift from hippocampal cognitive toward dorsal striatal habit memory, most likely via overall increased amygdala-EC connectivity and altered amygdala-putamen connectivity under stress. Although the stress-induced bias toward habit memory may hamper memory flexibility (Seehagen et al., 2015; Dandolo and Schwabe, 2016) , it is thought to be a generally adaptive mechanism that aids coping with stressful events (Vogel et al., 2016) . The reduced ability to shift toward a more suitable memory system under stress, together with aberrant emotional memory formation (de Quervain et al., 2007b; Rasch et al., 2009) , may thus be an important factor that renders carriers of the ADRA2B deletion variant particularly vulnerable for developing PTSD (Liberzon et al., 2014) .
